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lifetimes of the folded states of single proteins and their complexes when they are loaded with force. For example, by mechan-
ically unfolding concatenated proteins at different velocities, a dynamic force spectrum can be built up that allows reconstruction
of the energy landscape that the protein traverses during unfolding. To characterize fully the unfolding landscape, however, it is
necessary both to explore the entire force spectrum and to characterize each species populated during unfolding. In the conven-
tional AFM apparatus, force is applied to the protein construct through a compliant cantilever. This limits the dynamic range of
the force spectrum that can be probed, and the cantilever recoil after unfolding may mask the presence of metastable interme-
diates. Here, we describe to our knowledge a new technique—constant-deflection AFM—in which the compliance of the AFM
cantilever is removed. Using this technique, we show that protein L exhibits a more complex unfolding energy landscape than
previously detected using the conventional technique. This technique is also able to detect the presence of a refolding
intermediate whose formation is otherwise prevented by cantilever recoil.INTRODUCTIONDynamic force spectroscopy has been used to probe the
potential energy landscape determined by noncovalent inter-
actions in proteins (1), DNA (2), and ligand-receptor
complexes (3) through the application of mechanical force
in a defined direction. Application of force tilts the potential
energy landscape, exponentially lowering the barrier and
therefore increasing the rate of unbinding or unfolding. As
the application of force tilts the energy landscape about the
native state, a feature close to the native state will be less
affected by force compared to a feature farther away. Appli-
cation of force at differing loading rates therefore allows
a dynamic force spectrum (a plot of unfolding force versus
the logarithm of the force loading rate) to be obtained,
from which the position and height of significant transition
barriers along the unfolding pathway can be identified.
Previous experiments using optical tweezers (4), the bio-
membrane force probe (5), and the atomic force microscope
(AFM) (1), have revealed that although ligand-receptor inter-
actions typically show complex unbinding landscapes, those
for protein folding are surprisingly simple. To gain informa-
tion across the full breadth of the energy landscape, a wide
range of loading rates must be applied. This is achieved by
varying either the spring constant of the cantilever or the
speed at which the protein is extended or both. Recently, it
has been demonstrated that further complexity in the unfold-
ing landscape becomes apparent with lower loading rates (6).
In a constant-velocity AFM unfolding experiment
(CV-AFM) (Fig. 1 A), a concatenated protein is extended bySubmitted October 1, 2010, and accepted for publication February 14,
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0006-3495/11/04/1800/10 $2.00an AFM cantilever, and the deflection profile displays a saw-
toothlike pattern as individual protein domains are unfolded
(Fig. 1 C). In this configuration, the presence of a deflecting
cantilever is essential to the experiment as the deflection is
multiplied by the cantilever spring constant to calculate the
force. However, for a number of reasons, the use of a deflect-
ing cantilever is not ideal. First, the cantilever compliance
contributes significantly to the system compliance (protein
and cantilever) and hence limits the maximum accessible
rate at which force is loaded onto a single protein domain
within the concatenated protein. The CV-AFM system is
equivalent to connecting two springs in series (Fig. 1A, inset).
The cantilever acts as a Hookean spring with a fixed spring
constant, kc, and the concatenated protein acts as an entropic
spring, described by a wormlike chain (WLC) (7), with a
spring constant that increases with extension. At higher
loading rates (faster extension speeds), unfolding occurs at
a larger force and therefore a large relative extension of the
WLC. The protein will thus appear stiff, and the cantilever,
with its fixed spring constant, will become a greater determi-
nant of the compliance of the protein-cantilever assembly.
This prevents application of the high loading rates required
either to expose hidden transition barriers close to the native
state during unfolding or to drive unfolding through alterna-
tive pathways in the unfolding landscape.
Constant-force or force-clamp AFM (CF-AFM) tech-
niques complement CV-AFM. Here, the deflection of the
cantilever is maintained at a given set point, and the piezo
stage is moved by feedback to maintain the cantilever’s
deflection (8,9). The defined force eliminates compliance
effects, allowing simpler analysis of unfolding kinetics.
Although this configuration still has an ~5-ms deaddoi: 10.1016/j.bpj.2011.02.021
FIGURE 1 Illustration of the CD-AFM experimental setup and compar-
ison with CV-AFM. (A) The CV-AFM setup, showing how the cantilever
and the concatenated protein are compliant elements in the system.
(B) CD-AFM showing the secondary, high-power, feedback-controlled
laser (blue line). The only compliant element in the system is the concate-
nated protein. (C) A typical force-extension profile of (protein L)5 using
a deflecting cantilever in CV-AFM. The cantilever relaxation phase for
each unfolding event is shown (hatched rectangles), and WLC fits are
shown in blue. (D) Extension (protein end-to-end distance) versus time
trace for CV-AFM (red) and CD-AFM (black). This demonstrates how
the cantilever deflection modulates the protein extension in CV-AFM,
lowering the instantaneous tip velocity and introducing recoil events. (E)
A typical deflection-extension (upper) and laser-power-extension (lower)
profiles of (protein L)5 in CD-AFM. The unfolding force is derived from
the laser power signal, with WLC fits shown in blue. (F and G) The thermal
fluctuations of the cantilever in CV-AFM and CD-AFM, respectively.
Unfolding Protein L with Laser Feedback 1801time directly after domain unfolding (9), recent technical
advances have demonstrated the potential to reduce this
dead time to <100 ms (10).
A second problem arising from a deflecting cantilever is
the cantilever recoil encountered immediately after unfold-
ing of a protein domain. The cantilever is overdamped, and
consequently, up to 10 nm of the protein’s end-to-end
distance can be obscured as the cantilever recoils after an
unfolding event (11). If the cantilever’s relaxation is
sampled at high frequency, unfolding intermediates can be
detected as small disturbances in the cantilever’s relaxation
(11,12). In typical experiments, these disturbances are often
as small as two to three data points at the sampling rates
available on most instruments. Such data yield only very
sparse information on these intermediates and raise the
possibility that more unstable intermediates will not beobserved. Furthermore, the recoil of the cantilever will
dissipate energy and rapidly restore to the polypeptide the
tension released by unfolding. This will hinder any refolding
events that may have occurred in the absence of tension.
Finally, the thermal fluctuations of the cantilever not only
reduce the signal/noise ratio of the experiment but may
also act to drive the unfolding of the protein, which is itself
a thermally driven process (13).
To circumvent the problems described above, we dem-
onstrate herein a novel, to our knowledge, adaption to
conventional CV-AFM, called constant-deflection AFM
(CD-AFM). In this configuration, a secondary, high-powered
feedback-controlled laser is used to lock the deflection of
a commercially available AFM cantilever to a defined set
point. The drive voltage required for the laser to maintain
the deflection set point is then used to determine the force
applied to the protein. This allows CV experiments, but
without the need for a deflecting cantilever. The benefits of
this system are demonstrated using proteinL,whosemechan-
ical unfolding behavior has been characterized by AFM
(14,15) and magnetic tweezers (16). The expanded dynamic
range of CD-AFM reveals a more complex unfolding land-
scape in protein L than previously appreciated. In addition,
we demonstrate that the lack of cantilever recoil in CD-
AFM allows the observation of a partially refolded interme-
diate that is able to form in the period of low force immedi-
ately after unfolding of a domain.MATERIALS AND METHODS
The CD-AFM technique utilizes a modified multimode AFM head (Veeco
Instruments, Santa Barbara, CA) on a Veeco Picoforce microscope
controlled by a Nanoscope IIIA controller. A Veeco Microlever C was
used, kc ~ 10 pN nm
1. The microscope was controlled using the picoforce
software. However, the laser voltage, closed-loop z-piezo voltage, and
deflection signals were captured at 10 kHz on a separate PC using a custom
LabView program. Data were analyzed offline using IGOR PRO (Wavemet-
rics, Oswego, OR). CD-AFM was implemented using a secondary high-
power near-infrared (IR) laser (wavelength 785 nm, power 50 mW) to
modulate cantilever deflection (Fig. 1 B), and this laser, together with the
primary laser, is focused on the cantilever using the existing optics of
a conventional AFM. The focused near-IR laser is able to deflect the canti-
lever by a bimetallic effect (Fig. S1 in the Supporting Material), and the
deflection of a free cantilever has previously been shown to be proportional
to the incident laser power (10,17). The near-IR laser was driven by
a proportional integral (PI) feedback controller using the deflection as the
input signal. The deflection set point was fixed approximately midway
through the laser’s power range, corresponding to a cantilever deflection
of ~50 nm. This enabled the deflection of the cantilever to be maintained
at a given set point by feedback control for both positive and negative
deflections, where positive and negative deflections are counteracted by
cooling and heating, respectively, of the lever. Further details on the design
and implementation of CD-AFM can be found elsewhere (S.D. Connell, K.
Alzahrani, N. Crampton, and D.A.M. Smith, unpublished). In a typical
protein-unfolding experiment, the system is able to maintain the cantilever
at constant deflection to pulling velocities of ~1100 nm s1. Above this
velocity, transient deflection spikes are seen because the feedback’s
response is now too slow to cancel the cantilever’s recoil immediately after
unfolding events.Biophysical Journal 100(7) 1800–1809
1802 Crampton et al.For force calibration of the instrument, a Veeco Microlever C was used as
a reference lever. The gold coating was removed from this lever using Aqua
Regia solution to ensure that it did not deflect due to any residual heating
from the active lever. The spring constant of the reference lever was cali-
brated before each experiment by the thermal tune method (18). The locked
lever in the CD-AFM setup was then calibrated by pressing the tip of the
locked lever onto the end of the reference lever from above at the relevant
pulling velocity and monitoring the laser drive voltage from the PI
controller. In this manner, the laser drive voltage was converted to force,
and typical values of the velocity-dependent calibration constant were in
the range 2–4 pN mV1. At the highest pulling velocities used in this study,
CD-AFM was able to maintain a constant deflection up to ~350 pN.
Mechanical unfolding experiments were performed at room temperature
in phosphate-buffered saline. The protein constructs, experimental proce-
dures, and data analysis procedures are described elsewhere (14,15,19).
Briefly, data were accumulated from multiple approach-retract cycles at
a defined velocity varying from 40 to 1100 nm s1. CD-AFM data were
captured at 10 kHz, and force curves were smoothed and processed to
remove an exponential baseline that originates from lever cooling after
the lever deflects (with the feedback loop applying maximal laser power)
when pushed into the surface. Monte Carlo simulations were performed
as described by Sadler et al. (15).RESULTS
CD-AFM unfolding of protein L
We selected a concatenated protein consisting of five repeats
of protein L ((protein L)5) as the model protein with which
to investigate the utility of CD-AFM for protein-unfolding
studies. This pentameric protein has been studied by CV-
AFM and molecular dynamics simulation (14). The
protein’s topology consists of two b-hairpins separated by
an a-helix. The N- and C- terminal b-strands of protein L
are parallel and directly hydrogen-bonded (20), and this is
thought to be ideal for mechanical strength. In addition,
contacts across the hydrophobic interface between two sub-
domains play an important role in the protein’s mechanical
stability (15).
The CV-AFM and CD-AFM setups are compared in
Fig. 1, A and B. The CD-AFM setup was used to unfold
(protein L)5 using a lever maintained at constant deflection
by a feedback-controlled near-IR laser. Profiles of force
extension by CV-AFM (feedback disabled) and CD-AFM
(feedback enabled) at a pulling speed of 400 nm s1,
together with WLC fits to each unfolding event, are shown
in Fig. 1, C and E. For CV-AFM, the unfolding events are
observed in the deflection of the cantilever, whereas in
CD-AFM, the cantilever’s deflection is maintained at
a constant set point by feedback control, and the unfolding
events are observed in the laser drive voltage applied by the
feedback system (Fig. 1 E). The CD-AFM trace reproduces
the familiar rising sawtooth pattern (now observed in the
laser drive voltage, which, once calibrated, is used to derive
the force signal) with a regular spacing corresponding to the
contour length released on unfolding each domain.
However, after an unfolding event, no cantilever recoil
exists in the CD-AFM trace, as the cantilever deflection is
held constant, in contrast to the situation with CV-AFM.Biophysical Journal 100(7) 1800–1809Instead only a narrow spike extending ~0.4 nm along the
protein’s end-to-end distance (lifetime ~1 ms) is observed
as a result of the feedback loop compensating for the sudden
loss of force. An extension (i.e., protein end-to-end
distance)-versus-time trace is shown in Fig. 1 D for
CV-AFM (red) and CD-AFM (black). This illustrates how
the rate of extension of the concatenated protein is not
constant in CV-AFM but instead is modulated by the canti-
lever’s deflection. In contrast, in CD-AFM, the extension
rate of the concatenated protein is constant. It is important
to distinguish between the rate of extension of the whole
concatenated protein and that of a single domain within
the concatenated protein. Although the former will be
constant in CD-AFM, compliant elements within the
concatenated protein itself will cause the extension rate of
a single domain to be variable.
In CV-AFM, the thermal fluctuations of the cantilever
will cause fluctuations in the force applied to the protein
during unfolding. Such force fluctuations will aid the
unfolding transition of a protein and, as a consequence,
measurement of unfolding forces will be lower than
expected (21). However, in CD-AFM, experiments on
a free cantilever (Veeco Microlever C) indicate that the
setup is able to damp the thermal motions of the cantilever
by a factor of 8, from FRMS ~ 7 pN to FRMS ~ 0.8 pN for
frequencies up to ~10 kHz, an order of magnitude higher
than the resonant frequency of the cantilever in liquid
(Fig. 1, F and G, and Fig. S2). This frequency is substan-
tially higher than would be expected from the response
time with the bimetallic effect (~1–10 ms) (Fig. S1). For
this reason, we believe that photon pressure (i.e., the
momentum change imparted by a reflecting photon) also
plays a role in damping high-frequency, low-force thermal
motions. By damping these fluctuations, we are able more
accurately to determine the unfolding force (mechanical
strength) of proteins.A complex dynamic force spectrum
for (protein L)5
A sample CD-AFM unfolding force distribution collected at
a pulling velocity of 200 nm s1 is compared to a CV-AFM
unfolding force distribution at a pulling velocity of 1400 nm
s1 in Fig. 2 A (upper and lower, respectively). These distri-
butions have very similar peak unfolding forces and widths.
This implies that unfolding is occurring at the same force-
loading rate over a barrier at identical position and height
(i.e., same barrier position relative to the native state, xu,
and same unfolding rate at zero force, ku
0F). That the
same force-loading rate can be achieved at different pulling
velocities for CV- and CD-AFM can be understood by the
differing system compliance; in CD-AFM the elimination
of cantilever compliance means the same force-loading
rate is achieved at a lower pulling velocity. This is illustrated
graphically in force versus time traces for CD- and CV-AFM
FIGURE 2 The presence of two regimes in the dynamic force spectrum
of protein L. (A) Experimental unfolding force frequency histogram of
(protein L)5 (red bars) and Monte Carlo simulations (black bars) using
CD-AFM (upper) and CV-AFM (lower), with parameters v ¼ 200 nm
s1 and kc ¼ 10,000 pN nm1, and v ¼ 1400 nm s1 and kc ¼ 40 pN
nm1, respectively, and xu ¼ 0.22 nm and ku0F ¼ 0.05 s1 in both cases.
The gray dashed line illustrates how the modal unfolding force is equal
in each case. Right-hand panels show example force versus time traces
for CD-AFM (gray and red WLC, v ¼ 200 nm s1) and CV-AFM (red,
1400 nm s1). The gradient of the tangent at the point of unfolding repre-
sents the instantaneous loading rate (blue line). AWLC fit has been added to
the CD-AFM data (red), whereas the CV-AFM data shows a profile with
less curvature due to the cantilever’s linear contribution to the system
compliance. (B) The pulling velocity dependence of the unfolding force
of (protein L)5 with CD-AFM (red squares) and CV-AFM (blue triangles;
data at pulling velocities in the range 40 nm s1 < v < 4000 nm s1, taken
from Brockwell et al. (14)) and (I27)5 with CD-AFM (black circles). Gray
open squares represent data generated by Monte Carlo simulations of CD-
AFM for protein L using xu ¼ 0.22 nm and ku0F ¼ 0.05 s1. Lines through
the data represent linear fits. Unfolding forces presented are the averages of
the modes of triplicate data sets. Error bars represent5SE of the triplicate
data sets. The dashed line illustrates how the elimination of cantilever
compliance represents a horizontal mapping from v ¼ 1400 nm s1
(CV-AFM) to v ¼ 200 nm s1 (CD-AFM).
Unfolding Protein L with Laser Feedback 1803at 200 nm s1 and 1400 nm s1, respectively (Fig. 2 A,
insets). The loading rate at the point of unfolding (blue
tangents) is shown to be similar for CD- and CV-AFM.
To further confirm this hypothesis, Monte Carlo simula-
tions were used to reproduce the force distributions of
unfolding (protein L)5 by CV-AFM and CD-AFM using
previously determined values of xu and ku
0F (0.22 nm and
0.05 s1, respectively (14)), but using pulling velocities
and spring constants specific to CV-AFM (v ¼ 1400 nm s1,
kc ¼ 40 pN nm1) and CD-AFM (v ¼ 200 nm s1, kc ¼
10,000 pN nm1) (Fig. 2 A, black bars). The value of
kc ¼ 10,000 pN nm1 was chosen to be well in excess of
the protein’s spring constant to describe a locked lever.
The simulated distributions fit the experimental data well.
Interestingly, for CD-AFM, the force distribution is
centered at an unfolding force slightly higher than pre-
dicted by the simulation. Such behavior has been
reported previously where stiff cantilevers produced
higher-than-expected unbinding forces for the biotin-strep-
tavidin interaction due to perturbation of the underlying
energy landscape and the physical constraints imposed by
the cantilever on the molecules’ degrees of freedom (22).
The above Monte Carlo simulations show that at a pulling
velocity of 200 nm s1, unfolding occurs along the same
pathway in CD-AFM as previously demonstrated by
CV-AFM, but at a pulling velocity of 1400 nm s1 (14).
This illustrates that when compliance of the cantilever is
eliminated, radically lower pulling velocities are required
to achieve the same loading rate. CD-AFM is thus able to
extend the dynamic range of the AFM when used in
dynamic force spectroscopy.
To map the unfolding landscape more thoroughly, the
CD-AFM unfolding experiments were repeated over a range
of pulling velocities (40–1100 nm s1) and compared
with CV-AFM unfolding results on the same protein
construct at pulling velocities in the range 40–8000 nm
s1 (Fig. 2 B). Unfolding force distributions are shown in
Fig. S3.
The CD-AFM force versus ln(speed) data at low veloci-
ties (<400 nms1) is fitted by a straight line of identical
gradient to the CV-AFM data (Fig. 2 B, red and blue lines,
respectively). Monte Carlo simulation of CD-AFM data
were also performed for v < 400 nm s1 (Fig. 2 B, gray
squares). The offset between the lines is due to the elimina-
tion of cantilever compliance in CD-AFM, as described
above. In effect, the elimination of cantilever compliance
causes a horizontal mapping of the dynamic force spectrum
(Fig. 2 B, dashed line).
At pulling velocities >400 nm s1, a second regime is
observed in the CD-AFM data which is fitted by a line of
far steeper gradient. In contrast, the CV-AFM data can be
fitted using a single straight line up to 2000 nm s1, beyond
which a small deviation from linearity is apparent (Fig. 2 B).
Translating the CD-AFM data point at v ¼ 400 nm s1
horizontally onto the CV-AFM profile implies that theBiophysical Journal 100(7) 1800–1809
1804 Crampton et al.emergence of a far steeper gradient should occur shortly
after 2000 nm s1 for CV-AFM, but instead only a small
deviation from linearity is seen. However, these velocities
are at the very limit of the CV-AFM dynamic range.
The unfolding force will be underestimated by ~26 pN,
since the deflecting cantilever is subject to different
hydrodynamic forces before and during protein unfolding
(23). It is possible, therefore, that the presence of an inner
barrier is masked in CV-AFM. By contrast, in CD-AFM,
the nondeflecting cantilever is subject to a constant
hydrodynamic force and the requisite loading rates can
be achieved at lower pulling velocities, where hydrody-
namic effects are less prevalent. In addition, the reduced
thermal fluctuations of the lever in CD-AFM may limit
the protein conformational degrees of freedom and cause
the protein to explore an alternative parallel pathway
to the unfolded state that is less probable in CV-AFM
experiments.
To exclude experimental artifacts as the origin of these
results, similar experiments were performed on a concate-
nated variant of I27 (C47S, C63S I27)5, referred to as
(I27)5. The mechanical unfolding of I27 and its variants
has been extensively studied by CV-AFM and has been
shown to have a single, rate-limiting barrier at all accessible
loading rates (24,25). In contrast to (protein L)5, the
dynamic force spectrum of (I27)5 obtained by CD-AFM
exhibits a single gradient (Fig. 2 B, black circles and line)
even at forces in excess of ~175 pN, where the steeper
gradient for protein L is observed.Biophysical Journal 100(7) 1800–1809Contour length analysis reveals a refolding
intermediate
The spacing between the WLC fits of successive unfolding
peaks (DLC) corresponds to the length of polypeptide chain
released during unfolding. For (protein L)5, DLC for each
unfolding event was previously found by CV-AFM to be
18.8 5 0.1 nm, in agreement with values expected from
the polypeptide sequence and the three-dimensional struc-
ture of protein L (14). Force-extension profiles for (protein
L)5 obtained by CD-AFM showed primary unfolding peaks
of similar spacing to CV-AFM; however, secondary peaks
between the primary unfolding peaks were also seen in
up to 80% of unfolding events (Fig. 3 A, red trace).
A frequency histogram of DLC values reveals a bimodal
distribution, centered at 16.5 5 0.2 nm and 8.7 5 0.2 nm
(Fig. 3 B, left). A similar analysis of data for (I27)5 obtained
by CD-AFM shows only a single distribution (DLC ¼ 265
0.1 nm) (Fig. 3 B, right), compared with 28 nm for a similar
construct measured using CV-AFM (25).
We first examine the hypothesis that the secondary un-
folding peaks seen in CD-AFM traces may indicate that
(protein L)5 unfolds via a partially unfolded intermediate.
If this were the case, the main unfolding event would corre-
spond to a partial unfolding of the native state, releasing
8.7 nm of the contour length to populate a metastable inter-
mediate. Unfolding this intermediate would release the
remaining 7.8 nm of contour length (16.5  8.7 nm) and
produce the secondary peak. We conclude that theFIGURE 3 The presence of a refolding interme-
diate for protein L. (A) Comparison of a CD-AFM
(red) and a CV-AFM (black) unfolding trace for
(protein L)5. Both traces exhibit primary unfolding
peaks whose WLC fits (blue) correspond to the
unfolding of a complete protein L domain. The
CD-AFM trace also exhibits intermediate peaks
that occur after the primary unfolding peak
(red WLC fits). The black arrows highlight the
DLc values measured for protein L in Fig. 3 B.
Open rectangles indicate the cantilever relaxation
phase in the CV-AFM trace. (Inset) Example of
an unfiltered CV-AFM cantilever relaxation phase
collected at a sampling frequency of 18 kHz,
with unfolding events numbered 1–3. (B) Histo-
gram of the contour-length gain for (protein L)5
(open red squares) and (I27)5 (open black circles),
obtained at a pulling velocity of 400 nm s1 with
CD-AFM. Two populations centered at 8.7 5
0.2 nm and 16.5 5 0.2 nm for protein L and
a single population of 26 5 0.1 nm for I27 are
observed. (C) Probability of intermediate refolding
as a function of pulling velocity for (protein L)5
(open squares) and the variant (protein L L10A)5
(solid squares). Fit lines represent a single expo-
nential decay with a vertical offset.
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an unfolding intermediate for the following reasons.
Depending on the contour-length increase upon formation
of the intermediate and its mechanical strength, such inter-
mediates have been observed in CV-AFM experiments as
either additional features after the main unfolding event
(12,26,27) or as deviations of the cantilever deflection
during the relaxation phase (11,12). However, CV-AFM
unfolding traces collected at a high sampling frequency
showed no evidence of an intermediate during the unfolding
of (protein L)5 (Fig. 3 A, inset). Comparison of CD-AFM
and CV-AFM traces (Fig. 3 A) shows that in unfolding
events 1 and 3, the secondary peak continues to rise above
the cantilever relaxation phase of the CV-AFM trace, and
the presence of an unfolding intermediate should thus be
observable in CV-AFM.
The intermediate observed in CD-AFM, but not in
CV-AFM, may, however, be due to the different force proto-
cols of each technique. After an unfolding event in
CV-AFM, the cantilever rapidly recoils, dissipating energy
and restoring tension in the newly unfolded polypeptide
chain. A CD-AFM experiment, however, has a short period
of low force after unfolding, potentially allowing partial
refolding of the protein. For (protein L)5, the unfolding of
these partially refolded intermediates releases a contour
length of 7.8 nm, producing the intermediate peaks observed
(Fig. 3, A and B). The presence of the refolding intermediate
observed in CD-AFM traces is governed by its ability to
refold in the short period of low force immediately after
an unfolding event, and will be dependent on the pulling
velocity. The magnitude of this force is governed by the
entropic collapse of the unfolded chain, and gradually
increases as more domains unfold (see Fig. S4). In
CD-AFM, the protein experiences a force of <20 pN
for~15msat apullingvelocityof40nms1 but foronly~1ms
at a pulling velocity of 1000 nm s1. (Note that the folding
time for a protein L monomer is ~16 ms (28)). Accordingly,
the percentage of individual unfolding events exhibiting an
intermediate peak was calculated as a function of pulling
speed. For wild-type (protein L)5, the intermediate popula-
tion probability shows dependence on the pulling velocity
that is described by a single-exponential decay, with up to
80% of force peaks displaying intermediates at the lowest
pulling velocities used (40 nm s1, Fig. 3 C).
To confirm that the secondary peaks observed in the
CD-AFM traces reflect formation of refolding intermedi-
ates, the speed dependence of the intermediate population
probability was measured for a pentamer of protein L
containing the variant L10A ((protein LL10A)5). Protein
L L10A has mechanical unfolding properties identical to
those of the wild-type (i.e., mechanical unfolding force,
FL10A ¼ FWT and xuL10A ¼ xuWT), but has a folding rate
around six times slower (i.e., the folding rate constants, kf,
measured by denaturant dilution are 12 and 61 s1, respec-
tively (15,28)). After mechanical unfolding by CD-AFM,the protein is subject to low force, and therefore, we assume,
free to fold by a similar folding pathway to that probed
by chemical denaturant perturbation experiments (see
Discussion). Compared with the wild-type protein, the un-
folding forces have been shown to be identical by CV-AFM
(15), but the intermediate population probability of the
variant protein L L10A is substantially reduced, with
<20% of the force peaks displaying intermediates even at
the lowest pulling velocities employed (Fig. 3 C). This indi-
cates that the lower folding rate of the variant prevents
formation of refolding intermediates before the force
increases to a prohibitive level.
The unfolding of a partially refolded intermediate as
described above should be observable by CV-AFM experi-
ments if the cantilever recoil implicit in CV-AFM is avoided.
This can be achieved by repeatedly extending and relaxing
a single concatenated protein by a distance short enough to
prevent its detachment from the tip. Folded structures will
form during the tips turnaround on the surface (~100 ms)
and during each relaxation cycle, which will then be
unfolded during the subsequent extension cycle. If the canti-
lever is allowed an additional dwell time on the surface,
folding is expected to proceed fully to the native state.
However, if the dwell time is zero, short-lived intermediates
may be captured. The extensionwas reduced so that only two
domains of the concatenated protein were repeatedly
unfolded. A second domain must be unfolded to serve as
a reference when measuring contour length gains.
When the cantilever was allowed to dwell on the surface
for 5 s, two peaks separated by a change in contour length
consistent with unfolding a fully folded domain were
observed in nearly all cases (78%, n ¼ 46) (Fig. 4 A). In
the remaining cases, this domain failed to fold, and only
one peak was seen. With no surface dwell time, peak separa-
tions of ~8–9 nm were sometimes observed (6.5%, n ¼ 62)
(Fig. 4 B, upper red trace). In the remaining cases, either
the first domain completely refolded (45%, n ¼ 62) (Fig. 4
B, lower red trace) or the first domain failed to fold at all,
giving a single peak. When two peaks were observed, the
contour length gain was quantified for both the dwell times,
0 s and 5 s (Fig. 4C) The histogram for no surface dwell time
shows a significant proportion of contour length gains in the
range 8–10 nm. This is the value observed for the partially
refolded intermediate in CD-AFM (Fig. 3 B). The dwell
time of 5 s is far in excess of the time expected for both
domains to fold in solution (kf, monomer ¼ 61 s1 (28)). In
a similar way, we are able to observe partially refolded inter-
mediates when we would expect the protein to be able to
refold completely. However, it should be noted that in this
experiment the domains exist in a concatenated form and
are entropically constrained by their attachment and the
adjacent surface. Studies on I27 and fibronectin have found
similar, or even longer, surface delays necessary to achieve
complete refolding (29,30). In addition, there is the possi-
bility that application of an external force may change theBiophysical Journal 100(7) 1800–1809
FIGURE 4 Repeat unfolding/refolding of protein L by CV-AFM reveals
the refolding intermediate. After pickup of a full-length (protein L)5,the
construct is repeatedly relaxed and extended for a distance that allows
only two domains to unfold. Extend traces (showing unfolding events)
are shown in red and relaxed traces in black. (A) Surface dwell time of
5 s. Sequential relax-extend-relax-extend force curves showing the unfold-
ing of two completely folded domains (red WLCs). The separation between
the two events is as expected for completely unfolding protein L. (B) At
zero surface dwell time, sequential relax-extend-relax-extend force curves
show first the second domain refolding to an intermediate (blue WLC), and
second both domains completely refolding (red WLCs). Arrows denote
direction of cantilever motion (i.e., relax or extend). (C) Histogram of the
contour length gain at dwell times of 0 s (red bars) and 5 s (black bars).
The histogram for a dwell time of 0 s shows a significant proportion of
contour length gains in the range 7–9 nm.
1806 Crampton et al.folding landscape such that species not stable during chem-
ical folding become kinetically trapped (see below).DISCUSSION
We have developed CD-AFM as a technique to complement
CV- and CF-AFM experiments currently used in force spec-Biophysical Journal 100(7) 1800–1809troscopy. Manipulation of an AFM cantilever’s deflection
via a secondary laser has been adopted in a number of
studies previously for a variety of purposes (10,17,31–34).
Here, we use photothermal actuation to lock the deflection
of a conventional cantilever to a set point. The experiment
is still based on a constant-velocity approach rather than
constant force, but has a wider dynamic range and allows
the region immediately after an unfolding event to be
probed in greater detail due to lack of cantilever recoil.
The CD-AFM technique has revealed two novel, to our
knowledge, features in the energy landscape of protein L:
complexity in the unfolding pathway(s) (Fig. 2) and the
formation of a partially refolded intermediate part way
along a folding pathway (Fig. 3). These features are not
necessarily related, as the folding and unfolding pathways
traversed by protein L in these nonequilibrium experiments
may well be different. During mechanical unfolding, the
protein has little conformational freedom due to the applica-
tion of a localized vectorial force. By contrast, during low-
force refolding the protein has greater conformational
freedom and is able to explore a larger region of the energy
landscape. It is thus entirely plausible to find different phys-
ical structures on the folding and unfolding pathways.The unfolding landscape
Examination of the dynamic force spectrum for (protein L)5
unfolding reveals complexity in the unfolding energy land-
scape with the presence of two force regimes. At low forces,
CV- and CD-AFM probe the same pathway in the unfolding
landscape characterized by xu ¼ 0.22 nm and ku0F ¼ 0.05
s1, previously observed using CV-AFM (14); a similar
xu (0.15 nm) over a wide range of forces,13–120 pN, was
reported in a constant force experiment using electromag-
netic tweezers (16).
However, at high forces (v > 400 nm s1) ,the CD-AFM
data exhibit a regime of steeper gradient. For ligand-
receptor interactions, such regimes are most commonly
attributed to a second sequential, inner barrier in the land-
scape that becomes rate-limiting at higher pulling velocities.
However, as demonstrated by Bartolo et al., such a feature
can be explained by a number of equally plausible models
(35). These are discussed below and outlined in Fig. 5.
The simplest interpretation of the steeper gradient at
v > 400 nm s1 for protein L is the emergence of a second,
sequential inner barrier that becomes rate-limiting at high
pulling velocities, barrier a0 (Fig. 5 A). In this case, the
gradient of the steeper regime corresponds to the distance
between the native state, 0, and the inner barrier, a0.
A refinement to this model would be to make the minimum
between barriers a0 and a deep, so that unfolding can
proceed from this partially folded state A (Fig. 5 B). In
this case, the gradient of the steeper regime corresponds to
the distance between the bound state, A, and the outer
barrier, a. As noted by Yew et al. (36), any sequential
FIGURE 5 Possible models described by Bartolo et al. (35) to explain the
pulling velocity dependence of the unfolding force of (protein L)5. (Insets)
Blue circles represent local minima, red rectangles denote a barrier to
unfolding, and 0 denotes the native state. The black line represents the
pathway through the unfolding landscape, and the thick segment represents
the physical distance indicated by the steeper gradient for protein L in Fig. 2
B. (A) Classical sequential barrier model. (B) Same model as in A, but in
this case, the minimum A is deep enough to be populated at high forces,
and unfolding proceeds from minimum A rather than from the native state
0. (C) Parallel pathway model. In this case, barriers a and b are such that the
switch between pathways leads to a continuous evolution of the unfolding
force. (D) Parallel pathwaymodel. In this case, barriers a and b are such that
the switch between pathways leads to an abrupt increase in the unfolding
force and the presence of a transition region. It is possible that the transition
region is the origin of the steep gradient observed for protein L, and the
onset of the second pathway is not visualized due to limitations in the exper-
iment (checkered region).
Unfolding Protein L with Laser Feedback 1807barrier model predicts that even when the outer barrier is
rate-limiting at low forces, the inner barrier must be crossed.
Therefore, several amino acids must have unfolded over the
inner barrier before unfolding over the rate-limiting outer
barrier. This partial unfolding will change the direction of
force, and hence the reaction coordinate, between the
minima 0 and A in Fig. 5, A and B. For this reason, Yew
et al. favored a parallel-pathway model to explain the two
regions in the unfolding forces for Dictyostelium discoi-
deum filamin domain 4.
If parallel pathways to the unfolded state are incorporated
into the model, then the regime of steeper gradient can be
attributed to the transition from one pathway to another.
In this case, force alters the equilibrium between states
0 and A such that A is populated above a threshold force,
which might be zero, and unfolding then proceeds from state
A, through an alternative pathway over barrier b (Fig. 5, C
and D). In this model, the position and height of barrier
a0 defines when the switch between the two pathways
occurs, whereas barriers a and b define the unfolding forces
resulting from unfolding along each pathway. In Fig. 5 C,
the geometries of the two pathways (from 0 over barrier b,
and from A over barrier a) are such that, at the switching
point, the unfolding forces are identical and the unfolding
force is seen to evolve continuously with pulling velocity.However, this needn’t be the case: Fig. 5 D describes
a case (for example, if barrier a is larger than barrier b)
where the switch in pathways leads to an abrupt increase
in the unfolding force, until the gradient corresponding to
the new pathway is reached.
It is important to note that in the models shown in Fig. 5,
A–C, the steeper gradient maps onto a physical distance in
the energy landscape (Figs. 5 A-C, thick black lines). Using
Monte Carlo simulations, this distance is estimated to be
xu ~ 0.05 nm. The physical interpretation of xu values is
unclear; however, it is difficult to reconcile a value that is
a small fraction of a hydrogen-bond length. However, in
the last model (Fig. 5 D), the region of steeper gradient
does not map onto a physical feature in the energy land-
scape. Instead, it describes a transition to a pathway
described by a more moderate xu. Unfortunately, our exper-
imental setup is limited to pulling velocities up to ~1100 nm
s1, so the emergence of the second pathway cannot be visu-
alized, only inferred from the model (Fig. 5 D, checkered
region). Work is ongoing to develop the dynamic range of
the instrument. At present, however, we can only speculate
on the validity of the model outlined in Fig. 5 D. Nonethe-
less, we have shown that widening the dynamic force
spectrum of protein L reveals unexpected complexity in
the unfolding of this topologically simple protein.The folding landscape
CD-AFM has also identified an intermediate state populated
during the folding of protein L. This folding intermediate is
not observed directly in conventional CV-AFM. A recent
theoretical study has explained such discrepancies by
considering the time and magnitude of the force quench
(37), i.e., if force is not quenched to a sufficiently low level,
folding will not occur before the next unfolding event.
The identification of a folding intermediate for protein L
by CD-AFM may seem surprising, as this protein is
thought to fold via a two-state mechanism (38,39).
However, it is becoming apparent that the manner and
geometry by which force is applied to the folded domain
affects not only the unfolding behavior of the native state,
but also the resulting conformational ensemble of the
unfolded state. This in turn determines the folding pathway.
For example, CF-AFM studies have reported a large vari-
ability in the extent of polypeptide collapse of identical
unfolded protein domains upon force quench (40). Impor-
tantly, the initial collapse of a protein was found to affect
the proteins subsequent ability to refold, suggesting that
the initial conformation of the denatured state defined the
route through the folding landscape, as pictured by Dobson
(41). Such observations, as well as those described here,
accord with recent data demonstrating the population of
partially folded conformations during vectorial cotransla-
tional folding of simple Ig domains expected to fold via
a two-state mechanism (42).Biophysical Journal 100(7) 1800–1809
1808 Crampton et al.A body of evidence suggests that protein L may fold via
a high-energy structured intermediate. The presence of an
on-pathway intermediate has been detected by ultrarapid
mixing experiments (43) and MC simulation (44) for the
structurally similar protein G. Furthermore, the folding tran-
sition state for protein L consists of a structured first
b-hairpin, whereas the remaining ~22 residues (~7.5 nm)
remain unstructured (28). At zero force, this transition state
ensemble is only transiently populated on the pathway to
formation of the complete native structure. However, appli-
cation of this force across the termini of the folding domain
may perturb the folding landscape, changing the pathway
and relative stabilities of energy maxima and minima that
are usually traversed during folding under zero force.
Complete folding to the native state is arrested due to the
application of force by the retracting cantilever, which
then acts to unfold the force-stabilized refolding
intermediate.CONCLUSIONS
This study has described the application of a new technique
(to our knowledge), CD-AFM, an adaptation of the
CV-AFM protein unfolding experiment. The elimination
of the cantilever compliance in CD-AFM reduces the overall
compliance of the protein-cantilever system, with the result
that higher loading rates can be accessed. Consequently, this
technique has found previously undetected complexity in
the unfolding landscape of protein L. The use of a dynami-
cally locked cantilever removes the cantilever relaxation
phase, which not only allows visualization of the region
immediately after unfolding, but permits the formation
(and detection) of refolding intermediates.SUPPORTING MATERIAL
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